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ABSTRACT 
Nanopipettes are widely used in electrochemical and analytical techniques as tools for 
sizing, sequencing, sensing, delivery and imaging. For all of these applications, the response 
of a nanopipette is strongly affected by its geometry and surface chemistry. As the size of 
nanopipettes becomes smaller, precise geometric characterization is increasingly important, 
especially if nanopipette probes are to be used for quantitative studies and analysis. This 
contribution highlights the combination of data from voltage-scanning ion conductivity 
experiments, transmission electron microscopy (TEM) and finite element method (FEM) 
simulations to fully characterize nanopipette geometry and surface charge characteristics, 
with an accuracy not achievable using existing approaches. Indeed, it is shown that presently 
used methods for nanopipette characterization can lead to highly erroneous information on 
nanopipettes. The new approach to characterization further facilitates high-level 
quantification of the behavior of nanopipettes in electrochemical systems, as demonstrated 
herein for a scanning ion conductance microscope (SICM) setup.  
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INTRODUCTION 
Nanopipettes are becoming increasingly important tools across  nanoscience for their 
functional versatility and ease of fabrication.1 Typically fabricated from glass (e.g. 
borosilicate) or quartz capillaries, nanopipettes are produced through the application of 
heat whilst a pulling force is applied to each end of the capillary. By adjusting the pulling 
parameters, the probe geometry can be finely tuned and it is possible to produce probes 
with opening diameters as low as tens of nanometers.2, 3 While the simplest nanopipettes 
contain just a single channel, multichannel devices are also possible, which increases the 
versatility of nanopipettes for nanoscience applications.4, 5 The channels can be open5, 6 
(filled with electrolyte and a control electrode) or functionalized with deposited carbon, for 
example, to produce ultramicroelectrodes (UMEs)7, 8 that can also be further functionalized9-
11 to tune the sensory properties. Nanoelectrodes can also be fabricated by 
electrochemically plating nanopipettes with a variety of different metals.12 
Applications of nanopipettes include as tools for sizing, counting,13-17 and sequencing 
of single particles or molecules.18-20 These applications use the changes in ionic current 
through the end of the nanopipette (with an applied bias), as a single entity passes through 
the end of the probe, to provide diagnostic information. Furthermore, these probes 
constitute powerful tools for the delivery of molecules, including drugs and other stimuli,16, 
21, 22 to surfaces and interfaces. Nanopipettes have also been used extensively as chemical 
sensors, detecting, for example, pH,9 sodium,23 potassium24 and other ions as well as 
dopamine25 and DNA molecules.16, 18, 26 Recently, the capability of using functionalized 
nanopipettes for single molecule electrochemical detection has been revealed.27 Beyond 
electroanalysis, nanopipettes are finding novel applications as devices for electrospray mass-
spectrometry.28, 29 
Nanopipette probes, employed in different types of scanning probe microscopy 
(SPM) techniques,5, 11, 30 are used increasingly for the study of interfacial properties across a 
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range of materials including electrodes and living cells.3, 31, 32 Examples of SPM techniques 
that can employ nanopipettes include scanning electrochemical microscopy (SECM),30, 33 
scanning ion conductance microscopy (SICM),31, 34-38 SICM-SECM9, 39 and scanning 
electrochemical cell microscopy (SECCM).5, 40 Beyond the surface or interface being 
investigated, the size, shape and surface properties of the nanopipette may also strongly 
influence the SPM response, such that robust theoretical models, underpinned by a 
complete knowledge of the nanopipette characteristics, are needed for quantitative 
analysis.  
This work concerns the procedure for the characterization of nanopipettes filled 
with electrolyte solution, which is the main configuration for the wide range of applications 
above. Although the focus is on single barreled nanopipettes, and their use in bulk solution 
and SICM, the approach described could be extended to multi-barreled nanopipettes4, 10 and 
other SPM configurations.5, 9 For SPM applications, it is important to know the geometry of a 
nanopipette, specifically the aperture size, the inner pipette half cone angle and the 
thickness of the glass, because this plays a significant role in the probe response. In 
particular, the size of the nanopipette opening typically determines the image resolution 
(estimated to be about 3ro where ro is the radius of the pipette opening),
35, 41 whilst the 
thickness of the nanopipette walls at the opening can affect how the nanopipette responds 
upon approach to interfaces of different topographies.35, 42 Herein, we utilize transmission 
electron microscopy (TEM) to obtain the nanopipette geometry with high precision and 
complementary finite element method (FEM) simulations allow us to match ionic current 
signals under an applied bias with theory. This provides information on the mass transport 
characteristics with high accuracy. Experimental measurements and FEM simulations further 
allow the characterization of nanopipette surface charge, which is integral to quantitative 
surface charge mapping using SICM,43-46 and is expected to be important in sizing 
applications.47, 48 
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MATERIALS AND METHODS 
Nanopipette probes 
Nanopipettes were pulled from either quartz capillaries (o.d. 1 mm, i.d. 0.5 mm, Friedrich & 
Dimmock, pulling parameters: Line 1: Heat 750, Fil 4, Vel 30, Del 150, Pul 80, Line 2: Heat 
650, Fil 3, Vel 40, Del 135, Pul 150) or borosilicate glass capillaries (o.d. 1.2 mm, i.d. 0.69 
mm, Harvard Apparatus, pulling parameters: Line 1: Heat 330, Fil 3, Vel 30, Del 220, Pul -, 
Line 2: Heat 330, Fil 3, Vel 40, Del 180, Pul 120) using a laser puller (P-2000, Sutter 
Instruments.  Dimensions of the individual nanopipettes used in experiments in this work 
were measured after experiments through a combination of TEM and optical microscopy. 
Typically, quartz nanopipettes presented an aperture diameter of 30-60 nm whilst 
borosilicate nanopipettes had a diameter of 150-200 nm (measured accurately). 
Solutions 
Milli-Q reagent grade water (resistivity ca. 18.2 MΩ cm at 25°C) was used for all solutions. 1 
mM, 10 mM and 500 mM KNO3 (Sigma-Aldrich) solutions were prepared and used for the 
SICM cyclic voltammetry (CV) experiments. KNO3 was used as a typical 1:1 electrolyte, 
although in principle any electrolyte could be used for these studies. 
Instrumentation 
The instrumentation used has been described elsewhere.38, 43, 44 The current-to-voltage 
converter used to measure currents was custom built. Data recording, as well as the probe 
position and voltage output control, was performed using a custom written LabVIEW (2013, 
National Instruments) program through an FPGA card. The SICM probe movement normal to 
the substrate was controlled using a piezoelectric positioning stage with a travel range of 38 
m (P-753-3CD, Physik Instrumente). A lock-in amplifier (SR830, Stanford Research Systems) 
was used to apply the oscillating bias in the BM-SICM setup and to extract the AC ion current 
amplitude and phase used for surface charge mapping and SICM feedback. 
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Nanopipette voltammetry 
Nanopipettes were bathed in, and filled with, the aqueous solution of interest, and one 
Ag/AgCl QRCE was inserted into the nanopipette and another similar electrode was placed in 
bulk solution. This electrode maintains a stable potential in a wide range of aqueous media, 
including KNO3, because although AgCl is only sparingly soluble, its dissolution kinetics are 
fast,49 so that the wire is bathed in saturated AgCl solution.  The potential applied to the 
QRCE in the nanopipette was swept between -0.4 V and 0.4 V, with respect to the bulk 
QRCE, at a rate of 50 mV/s and the current recorded at the QRCE in bulk solution. 
Optical Microscopy 
Optical images were taken of the nanopipette taper and were analyzed using Adobe 
Illustrator (CC 2015) to provide estimates of the inner and outer diameter at lengths 20 m 
to 300 m from the nanopipette tip for use in FEM simulations. 
TEM Imaging of Nanopipettes 
Before TEM imaging, solution was removed from a nanopipette that had been used for 
current-voltage (I-V) measurements, and the nanopipette was then placed in a deionized 
water bath overnight to remove as much remaining salt residue from the end of the 
nanopipette as possible before being left to dry for 1 day. A JEOL 2000FX microscope 
operating at 200 kV accelerating voltage, equipped with a GATAN ORIUS 11 megapixel digital 
camera, was used for TEM tip characterization. Adobe Illustrator CC 2015 graphics software 
was used to obtain nanopipette dimensions with pixel level (<1 nm at the highest 
magnification) precision.   
FEM Simulations of Nanopipettes in Bulk Solution 
A two-dimensional axisymmetric FEM model was constructed to calculate the I-V 
characteristics of a nanopipette in bulk solution of high (500 mM) and low (10 mM or 1 mM) 
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ionic strength. Simulations were constructed in Comsol Multiphysics (version 4.4), using the 
transport of diluted species and electrostatics modules. Dimensions of the nanopipettes at 
various distances up the pipette, from the opening, were obtained from TEM and optical 
images. This ensured that the geometry of nanopipettes was reproduced faithfully in the 
simulations. Data for the nanopipettes, whose I-V characteristics are discussed in this work, 
are given in Supporting Information, Table S1.  
The simulation was as outlined previously,43 with details given in Supporting 
Information, section SI-1. A bulk domain of 160 m  160 m was implemented and a 
nanopipette length of 300 m was used at which point the nanopipette inner diameter was 
in all cases larger than 10 m and so the resistance contribution from the remainder of the 
nanopipette would be minimal. A surface charge was included on the lowest 20 m of the 
nanopipette where the mesh size was also smallest (maximum 0.5 nm). The bias between 
the bulk of the nanopipette with respect to the solution bulk was changed between 0.4 V 
and -0.4 V as in the experimental CVs reported below and the current extracted, in order to 
generate I-V curves. For simulations performed in 10 mM and 1 mM, the surface charge 
applied to the nanopipette was adjusted (as the only variable) until matching with 
experimental data to give a value for the pipette surface charge.  
BM-SICM Surface Charge Mapping of Glass Substrate 
Surface charge mapping was performed as described in previous work.43, 45 A quartz 
nanopipette was translated towards a glass substrate (glass bottomed Petri dish with 
detachable coverslip, WillcoWells), with no net bias applied between the 2 QRCEs, rather 
just a small harmonic oscillation of the bias (270 Hz, 28 mV rms amplitude about 0 V). Upon 
detection of the surface through a 0.5 increase in the recorded AC phase (see below for 
method of distance determination), probe translation stopped automatically and a CV was 
performed from 0 V to 0.4 V to -0.4 V and back to 0 V, for surface charge detection, at a rate 
of 0.2 V/s. The nanopipette was then retracted 500 nm (~10 tip radii) and the same CV 
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profile performed in bulk for characterization of the nanopipette probe surface charge. For 
the tips used herein, 500 nm corresponded to be around 10 tip diameters and was 
sufficiently far away from the surface to represent the bulk SICM response, which is typically 
seen around 1 tip diameter away from the substrate.36 No observable difference was seen 
between CVs performed at greater separation distances than this. 
Quantification of Surface Charge 
For quantification of substrate surface charge, the surface charge of the nanopipette was 
obtained in the same way as above using the analysis of the bulk CV. A working distance for 
the near-surface experimental measurement was obtained by first calculating the system 
differential capacitance at no net applied bias according to:50 
tanθ
2
C
fR
   (1) 
where  is the AC phase signal recorded experimentally, f is the AC oscillation frequency and 
R is the system resistance around 0 V, obtainable from an I-V curve in bulk solution. A circuit 
diagram representing the components of the BM-SICM setup is presented in Supporting 
Information, Figure S4. A FEM simulated approach curve was then calculated at a range of 
tip-substrate separations to obtain the distance-dependent system resistance. We could 
then use equation 1 to calculate  at each separation distance, because simulations showed 
that the capacitance did not change with distance (i.e. is dominated by the nanopipette 
itself). The resulting working curve of  against tip-substrate separation allowed the 
evaluation of the separation at which the surface measurement was made. Once the 
working distance was known, the surface charge of the substrate was varied in the 
simulation until the simulated I-V curve matched that obtained experimentally, with the 
smallest residual error. Care should be taken in this approach, ensuring that the nanopipette 
is aligned perpendicular to the sample of interest, as a slope of the sample could affect the 
working distance and hence surface charge values obtained. If the slope of the sample was 
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known or minimal over the dimensions of the nanopipette opening, the effects could be 
modeled or would be negligible. 42 
RESULTS AND DISCUSSION 
Evaluation of Existing Methods For Nanopipette Characterization 
Scanning electron microscopy (SEM) of nanopipette openings has commonly been used to 
extract an estimate for the aperture radius and the glass thickness at the opening.3, 26, 29, 51 
However, for nanopipettes that have openings less than 50 nm in diameter, the resolution of 
SEM is insufficient. The characterization of nanopipettes using SEM also becomes more 
difficult at this scale as it requires the nanopipette to be sputtered with a conducting metal, 
which affects the nanopipette dimensions. SEM has other limitations as a tool for 
characterizing nanopipettes of this size, as it provides little information about the 
nanopipette lumen size beyond at the opening. The nanopipette resistance properties are 
dependent on the nanopipette inner angle and how the lumen size varies with distance into 
the nanopipette. Full characterization of nanopipettes requires that these dimensions are 
obtained.  
Hitherto, two approaches are commonly taken in order to characterize nanopipettes 
in the absence of more direct tools. Method 1 assumes that the ratio between the outer and 
inner diameter of a nanopipette remains constant to that at the nanopipette opening,13, 41, 52 
and, as such, the inner nanopipette angle can be calculated by using the relationship:   
 
tana
inner
=
tana
outer
r
OI
   (2) 
where outer is the outer nanopipette angle, estimated from SEM images and rOI is the ratio 
between the outer and inner pipette radii at the nanopipette opening.  
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 Method 2 involves approximating the nanopipette as a truncated hollow cone13, 31, 41, 
53-57 in order to model its resistive properties. The resistance then depends on the inner cone 
angle and aperture radius according to:53, 54 
1 1 1
tan tan 4
p access
i i i
R R
r r r
   
    
   (3)    
or equivalent equations, where Rp is the nanopipette resistance, ri the inner pipette radius,  
is the solution conductivity and  is the inner nanopipette half cone angle. Using such 
equations, the resistive properties can be estimated given knowledge of the nanopipette 
radius and cone angle estimate, or the nanopipette radius can be back-calculated from 
experimental resistance values and some input value for the inner cone angle. These 
approaches are widely used31, 52-54, 56 but require an estimate for the nanopipette inner 
angle, which cannot be obtained directly near the nanopipette opening using SEM, and to 
date has usually been estimated from the outer pipette angle obtained in SEM images.55, 57-59 
Evidently, this approach fails if the assumption about a constant inner angle does not hold. 
Method 1 and 2 will both be examined below to evaluate their suitability in nanopipette 
characterization and modeling, and compared to the method that we develop herein.  
The surface charge density of a nanopipette also strongly influences the resulting I-V 
characteristics.22, 60-63 Glass and quartz both exhibit negatively charged surface charge under 
typical experimental conditions (neutral pH, aqueous solutions) owing to the presence of 
silanol groups that dissociate (pKa 7.5).
64 Ion current rectification phenomena (ICR) are 
manifest when the Debye length is even a small fraction of the dimension of the 
nanopipette opening,60 resulting in a diminished ionic current with positive tip bias applied 
and an enhanced current when the polarity is reversed, compared to expectations if the 
nanopipette were uncharged.43, 45, 60, 62  
Analytical approaches, such as utilizing equation 3 or similar equations for 
calculating the nanopipette radius or resistive properties, often at a fixed applied bias,55, 56 
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may evidently become inaccurate under these conditions, as the surface charge of the 
nanopipette is not generally considered. While there has been much work on the study and 
simulation of the ICR phenomena at nanopipettes in low ionic strength,60, 62, 63 quantification 
of the nanopipette surface charge and understanding the nanopipette current response is a 
difficult task owing to a lack of more complete tip characterization methods. 
Recently it has been shown that TEM offers an attractive means for visualizing 
nanopipettes.65, 66 Here, we show that by combining TEM and optical microscopy of 
nanopipettes with data from ion conductance experiments, it is possible to obtain the most 
precise representation of the nanopipette geometry and properties, which provides a 
platform for a wide range of quantitative applications. 
 
Characterization of Nanopipettes in High Ionic Strength Media 
Example TEM images of one of each of the quartz and borosilicate nanopipettes 
characterized in this work by I-V measurements are shown in Figure 1a and 1b, respectively. 
A full example sequence of TEM images of a quartz nanopipette at each magnification 
utilized is provided in Supporting Information, Figure S2. These nanopipettes did not exhibit 
a purely conical geometry and the inner angle of the nanopipettes used in this work was 
seen to change significantly (2 12) up the length of the nanopipette taper as shown in 
Figure 1c, with the greatest change in the 500 nm nearest to the nanopipette opening. 
Further data are given in Table S1 in Supporting Information. 
Typical SICM experiments are performed in moderate 19 to high ionic strengths 
(>100 mM),3, 31, 32, 45, 67, 68 as are many nanopipette measurements.14, 15, 18, 19 Under these 
conditions, the diffuse double layer is expected to be compressed to a sub-nanometer scale, 
and therefore undetectable, level according to:50 
1
k
=
ee0kBT
2n0z2e2
æ
èç
ö
ø÷
0.5
         (4) 
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for a z:z electrolyte where 1/ is the Debye length,  and 0 are the dielectric constants of 
the bulk material and vacuum, respectively, T is the temperature, kB is the Boltzmann 
constant, z is the charge of the monovalent electrolyte ion and n0 is the number 
concentration of each ion in the solution.  
 The voltammetric characteristics for two nanopipettes, Tip 1 and Tip 2, are 
presented in Figure 2 and both exhibit almost ideal ohmic response with minimal 
nanopipette charge effects on the ionic current, as would be expected under these 
conditions.60 Employing a nanopipette geometry with dimensions extracted from TEM data, 
in the simulation gives excellent agreement to experimental data (red lines) for both of the 
nanopipettes, with no adjustable parameters. Note that for the simulations, concentration 
dependent diffusion coefficients were used, calculated from:69 
Di = Di
¥[1+Ci (
¶lng i
¶Ci
)]  (5)    
where 𝐷𝑖
∞is the infinitely dilute diffusion coefficient of species i, Ci is its concentration and 𝛾𝑖  
its activity coefficient. For KNO3 at an ionic strength of 500 mM this yielded diffusion 
coefficients of 1.45 10-5 cm2/s and 1.41 10-5 cm2/s for K+ and NO3
- respectively. Whilst the 
approaches outlined here have been demonstrated for single-barreled nanopipettes, the 
principles could naturally be extended for the consideration of dual or multi-barreled 
nanopipettes. By performing TEM imaging of a nanopipette from different angles, accurate 
dimensions could be obtained regardless of whether the nanopipette exhibited axial 
symmetry and this could be incorporated into a 3D FEM model for quantitative analysis of   
voltammetric properties. 
Having shown that TEM characterization of nanopipettes results in excellent 
agreement between experiment and simulated conductivity data, Method 1 and Method 2 
are now evaluated using Tip 1 as an example. Firstly in Method 1, if the assumption was 
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made that the ratio of the inner to outer dimensions of the nanopipette remained constant 
up the nanopipette taper length, as is commonly done,13,31, 52, 70 the result is a significant 
underestimation of the nanopipettes resistive properties. A FEM simulation was performed 
using the varying outer angle of the nanopipette up its length, which might be reasonably 
obtained from SEM data, to estimate the inner angle and hence dimensions, according to 
equation 2, keeping roi constant as calculated at the nanopipette opening (roi =1.47 for Tip 1 
from TEM data).  From the resulting I-V curve depicted in Figure 3a, it can be seen that the 
match to the experimental data is now rather poor (contrasting with Figure 2a where TEM 
data were used). This more simplistic analysis to estimate the inner geometry of the 
nanopipette greatly underestimates the inner tip dimensions and hence the resistance 
properties of the nanopipette by around 50% at the extreme potentials of the I-V curve. This 
error could be even greater if a constant outer (and hence inner angle) was assumed, as is 
sometimes done in this field. 
Next, Method 2 is considered which, as mentioned above, assumes a conical 
nanopipette geometry, and is often utilized to model the nanopipette resistance properties, 
or deduce the nanopipette radius.31, 52-54, 56 Such an approach is very sensitive to the inner 
half cone angle chosen (equation 3). It has already been seen that the angle can change 
along the length of the nanopipette (Figure 1c) and will vary depending on the pulling 
parameters used for nanopipette fabrication. Quoted values for inner half cone angles range 
greatly, from 1.5  13 for different nanopipettes,52, 55, 58, 71 and it has even been estimated 
to vary by as much as 2.5 between the same type of nanopipette.59 However, it is 
important to point out that in all of these cases the estimate was not obtained using a 
suitable technique, as discussed above.  
The black line in Figure 3b shows the effect of varying inner half cone angle on the 
predicted ionic current in 500 mM KNO3 according to equation 3 at a tip bias of 0.4 V, 
assuming the nanopipette radius to be that obtained for Tip 1 from TEM data (Ri = 25 nm). It 
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can be seen that even small variations of the inner angle result in a large change in the 
nanopipette current response. The red line in Figure 3b utilizes the observed I-V 
characteristics of Tip 1 to consider how the choice of inner half cone angle would affect the 
prediction for the nanopipette opening size, according to equation 3, again with Ri = 25 nm. 
It can be seen that even a small variation of the inner cone angle assumed has a significant 
impact on the resulting nanopipette radius estimate. 
Tip 1 has a measured radius of 25 nm, at the very end, and with this knowledge 
Method 2, yields an inner half cone angle of 3.7, which should be compared with the actual 
profile in Figure 1c. 
Quantifying Nanopipette Surface Charge in Low Ionic Strength 
The charge on nanopipettes can also have a major impact on applications in sizing,47 delivery 
and detection18, 26 as well as imaging.43, 45, 46 Furthermore, when deployed in SICM, 
nanopipettes are very promising for surface charge mapping. 43, 44 If the resistance is used to 
estimate the conical dimensions (equation 3) of a nanopipette, it is important to point out 
that such an approach is likely to fail in low ionic strength media, where the Debye length is 
longer, according to equation 4, especially if single potential measurements are made, which 
do not reveal surface charge effects. The I-V characteristics for quartz nanopipettes that 
were filled and bathed in 10 mM (Tip 3, Figure 4a) and 1 mM (Tip 5, Figure 4b) KNO3 
solutions exhibited an ICR response, which manifests more strongly at 1 mM, resulting in a 
greater rectification ratio, the ratio between the currents at the positive and negative 
extreme potential limits of the I-V curve.60, 61 ICR was also seen at borosilicate glass 
nanopipettes, as in Figure 4c, in 10 mM KNO3. More examples for each of these conditions 
are presented in Supporting Information, Figure S3. These characteristics, where the current 
is smaller at positive tip bias than at negative tip bias indicate that the nanopipette is 
negatively charged.61 
Because the nanopipette geometry is known with high accuracy from TEM, the 
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surface charge on the nanopipette is the only adjustable parameter in FEM simulations to 
match to I-V experiments under these conditions. For the quartz nanopipettes used in this 
work, the surface charge was between -14 mC/m2 and -16 mC/m2 (at pH 6.2), a narrow 
range of values where the simulated I-V curves closely matched the experimental 
voltammograms (Figure 4). The noise level in these voltammetric experiments was 3 pA 
(peak-to-peak), which was much smaller than the difference between the currents at the 
extreme potentials of the simulated CVs (-0.4 V) with different surface charges depicted in 
Figure 4, (e.g. approximately 10 pA in the case of Figure 4a and b). This highlights the 
accuracy with which the surface charge could be determined (i.e. to better than 1 mC/m2).  
Importantly, there was no significant difference between the surface charges 
obtained in 10 mM (Figure 4a) and 1 mM KNO3 (Figure 4b) solutions, giving confidence in 
this result. For the borosilicate glass nanopipettes studied, experimental and simulated I-V 
curves, presented in Figure 4c indicate a pipette wall surface charge of between -30 mC/m2 
and -40 mC/m2. This higher charge on the borosilicate glass explains why it is possible to 
observe the effects of ICR, even with relatively large nanopipette sizes.60-62 
There is much debate about the charge on glass nanopipettes and glass substrates, 
owing to a lack of techniques to robustly probe the surface charge of extended substrates. 
Consequently, a wide range of values have been quoted for the surface charge from -0.0001 
mC/m2  -240 mC/m2.46 Some, but not all, of this variation in the surface charge of glass can 
be due to the fact that these measurements are made at a range of pH values.64 The 
characterization methods advocated herein provide a means of unambiguously quantifying 
the surface charge of typical nanopipettes. 
Quantifiable Surface Charge Mapping of Extended Substrates 
The more precise nanopipette probe characterization method is particularly beneficial for 
SICM studies. To this end, single barreled quartz nanopipettes were approached to a glass 
substrate in a BM-SICM scheme, as described previously.43 Upon detecting the surface 
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through an increase in the AC phase of 0.5 (corresponding to a distance of 10  3 nm, see 
Figure 5a and Supporting Information, Figure S5), a CV measurement was performed with 
the net bias between the two QRCEs varied from 0 V, the approach bias, to +0.4 V to -0.4 V 
and back to 0 V. It has been demonstrated previously that the BM-SICM technique is 
insensitive to substrate surface charge and the phase or current amplitude only depends on 
distance when no net bias is applied.43 ICR was seen at the quartz nanopipette in bulk 
solution (diminished current at positive tip bias compared to negative tip bias), which was 
magnified when the tip was near the surface. This can be seen in Figure 5b for Tip 4 whose 
surface charge was determined in bulk to be -16 mC/m2 (Supporting Information, Figure 
S3a). 
A FEM simulation was performed, with the nanopipette at the determined working 
distance (10 nm). The surface charge density applied to the substrate in the simulation was 
then varied (as the only adjustable parameter), yielding surface I-V curves presented in 
Figure 5c. The best fit was obtained with a surface charge density of around -30 mC/m2, 
similar to the borosilicate glass nanopipettes.  
CONCLUSIONS 
It has been demonstrated that visualization of nanopipettes by TEM and optical microscopy, 
in combination with data for I-V measurements and FEM simulations, provides an holistic 
view of the geometry, properties and response of nanopipettes under electrochemical bias. 
Simulations of ion transport at high ionic strength, with the nanopipette geometry obtained 
precisely from TEM micrographs, results in strong agreement between simulated I-V curves 
and experimental data that can be trusted owing to no other assumptions being made about 
the nanopipette geometry or electrolyte properties, i.e. there are no adjustable parameters 
in the modelling. It is particularly important to note that in this work we have shown that 
the probe can easily be characterized by TEM after a set of I-V measurements or SICM 
 16 
experiments, and the inner dimensions of the nanopipette can be obtained with high 
accuracy. 
 The new approach we propose contrasts with methods used hitherto, which rely on 
the use of analytical equations to model I-V curves with a highly idealized geometry. In these 
methods, the nanopipette opening that is obtained is strongly dependent on the choice of 
inner angle chosen to represent the nanopipette geometry. Our paper shows that 
nanopipettes do not necessarily have a conical shape and also that the outer and inner 
angles are very different, and vary with height along the nanopipette. 
 Through the use of FEM simulations it also becomes possible to further characterize 
nanopipettes in terms of their surface charge, as exemplified in our work for both quartz and 
borosilicate nanopipettes, for which robust values over small ranges have been obtained. 
Finally, by characterizing the nanopipette geometry and surface charge fully, it then 
becomes possible to quantify the surface charge of extended substrates in an SICM format, 
enhancing the SICM technique and its capability for functional mapping.  
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Figure 1: Typical TEM micrographs of quartz (a) and borosilicate (b) nanopipettes 
characterized after CV experiments had been performed. Dimensions were extracted from 
images with pixel (nm) level precision. The filament of the nanopipette, which aids their 
filling, can be seen down the centre of the TEM images, but has a negligible effect on the 
voltammetric characteristics. c) Plot of how the inner angle of Tip 1 varies up the length of 
the nanopipette. These data allow FEM models to faithfully reproduce the nanopipettes for 
ion conductance studies.  
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Figure 2: The I-V characteristics of Tip 1 (a) and Tip 2 (b) in high electrolyte conditions (500 
mM KNO3). An ohmic ion current-voltage response is seen and there is strong agreement 
between experiment (black) and the simulated response (red) based on the nanopipette 
dimensions extracted using TEM, with no adjustable parameters.  
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Figure 3 a) Simulation (blue), assuming that the ratio, roi, of the outer to inner wall thickness 
for Tip 1 remains the same as at the nanopipette opening (roi = 1.47), calculating inner 
dimensions relative to the measured outer dimensions from TEM (which could be obtainable 
using SEM) alongside the experimental data from Figure 2a. (b) FEM calculation of the ionic 
current at 0.4 V tip bias as a function of the inner half cone angle for the measured pipette 
radius for Tip 1 (25 nm) from TEM (black), together with calculated nanopipette radius as a 
function of inner half cone angle using the experimental resistance calculated from Figure 2a 
(red). 
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Figure 4: I-V characteristics of quartz nanopipettes at low ionic strength reveal ion current 
rectification in 10 mM KNO3 (a), which is seen more strongly as the ionic strength decreases 
further to 1 mM KNO3 (b). Larger borosilicate nanopipettes also exhibit ion current 
rectification and a correspondingly larger nanopipette surface charge is required to match 
the experimental response. The noise level for these experiments was 3 pA (peak-to-peak). 
Corresponding TEM images for each tip are shown (d-f). Note that the surface charge on the 
nanopipette is the only variable in the simulation to fit to the experimental data. The 
simulation results for different charges are shown as the colored lines. 
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Figure 5. a) FEM simulations allow calculation of the system resistance for Tip 4 (black) as a 
function of tip-substrate separation at 0 V net bias from which the phase shift, as a function 
of distance, can be calculated (red), which can be used to estimate the working distance for 
surface charge experiments. b) I-V curves of Tip 4 in bulk solution and near (10 nm) from a 
glass surface in 10 mM KNO3. c) Fits to the near-surface I-V curve with the charge on the 
substrate the only variable and the tip charge fixed at -16 mC/m2 as measured in bulk 
solution (Supporting Information, Figure S3a).  
